Abstract. Phosphor tungstic acid (PTA)-modified zeolitic imidazolate framework-8 (ZIF-8) catalysts were synthesized for photocatalytic degradation of methylene blue under UV irradiation. The as-prepared catalysts were characterized by the powder Xray diffraction, N2 adsorption-desorption, Fourier transform infrared spectroscopy, Raman spectroscopy and UV-vis diffuse reflectance spectroscopy techniques. The optimum reaction conditions for photocatalytic degradation of methylene blue on the obtained materials were investigated. The results show that PTA evidently improved the activity of ZIF-8 catalysts because of its fast reversible multi-electron redox transformations. In addition, the reaction mechanism underlying the process was proposed.
Enhanced photocatalytic activity of zeolitic imidazolate framework-8 by modification with phosphor tungstic acid 
Introduction
Organic dyes are major sources of environmental contamination, and the removal of these organic pollutants is very important for both academic and industrial societies. Since the first artificial photo catalyst TiO2 was discovered for pollutants degradation, [1] many metal oxides including ZrO2 and WO3 have been identified as photo catalysts for solving environmental problem. [2, 3] The degradation capacity towards organic pollutants using these developed metal oxides as catalysts, however, is still moderate at present. Thus, it is of great interest to search for the novel higher effective photo-catalysts.
Metal organic frameworks (MOFs), composed of organic and inorganic building blocks, have emerged as a novel kind of porous crystalline materials. Their excellent properties, such as uniform microspores, accessible pore volumes, and large surface areas, [4] have opened the door for MOFs in many potential applications. [5] [6] [7] [8] [9] [10] [11] In particular, MOFs have the ability to behave as semiconductors when exposed to light, making them unique platforms for light harvesting and photoinduced catalysis. [12] [13] [14] Some MOFs can act as a charge-carrier transporting system because of the existence of the open metal sites and the catalytically active organic linkers. [15] [16] [17] Majima investigated the photoinduced charge-transfer process between excited MOF-5 nanoparticles and organic compounds by using time resolved emission and diffuse reflectance spectroscopies. [18, 19] In addition, as the host porous materials for photocatalytic reactions, MOFs can also provide extra pathways for the migration of photoinduced electrons and thus facilitate charge-carrier separation, increasing the photocatalytic efficiency. [23] post-functionalization by grafting of active species. Recently, an increasing number of papers have appeared to indicate that MOFs, such as MOF-5, provide a unique opportunity for integrating different molecular functional components to achieve light harvesting and to drive photocatalytic hydrogen evolution and CO2 reduction. [14] However, the slight exposure of MOF-5 to the ambient atmosphere or residual water in the solvent remarkably lowers their photocatalytic activity because of the destruction of the pore structures. The zeolitic imidazolate frameworks (ZIF-8, (Zn(MIM)2, MIM=2-methylimidazole), a subclass of MOF, was selected in this study as the photo catalyst because of its high stability. [22] The secondary building units of ZIF-8 are Zn6(MIM)6 and Zn4(MIM)4 rings, and each Zn(Ⅱ) ion is tetrahedrally coordinated by four nitrogen atoms from bridging MIM to furnish an infinite 3D frameworks. [20] [21] To the best of our knowledge, photocatalytic degradation of methylene blue (MB) by ZIF-8 has rarely been studied. Unfortunately, the obtained results show that the degradation capacity towards MB using ZIF-8 as catalyst in this paper is still moderate. Phosphotungstic acid (PTA), which consists of heteropolyanions PW12O40
3-with W-O octahedra as the basic structure unit, has received largely attentions in the past decades. [24] The properties such as extremely high proton mobility, fast reversible multi-electron redox transformations and well stability make PTA an excellent catalytic candidate. Several compounds that PTA was introduced into the MOF segments have been reported. [25] However, highly efficient, truly heterogeneous catalysis over well-defined PTA /MOF materials had not been presented until now. Maksimchuk et al. [26] recently demonstrated that PTA /MIL-101 could be utilized as oxidation catalysts, but they did not determine their crystal structures. Herein, we try to anchor highly dispersed PTA on the ZIF-8 frameworks via a facile room-temperature synthetic strategy and expect that the as-synthesized PTA/ZIF-8 can act as a solid-state photo catalyst with high activity. To illustrate the activities of PTA/ZIF-8 catalysts, photo degradation of methylene blue has been carried out. Interestingly, the results show that the PTA/ZIF-8 catalysts exhibit an excellent reusability and higher catalytic performance for methylene blue degradation than that of bare ZIF-8 under UV light illumination. It is expected that our current research could provide a new way to design ZIF semiconductor photo catalysts for organic pollutants degradation.
Experimental Section

Preparation of ZIF-8 and PTA/ZIF-8
ZIF-8 was prepared according to the procedure described by Moises A. Carreon et al. [27] : a solution of 2-methylimidazole (C4H6N2, 6.4x10 -3 mol) in methanol (1.4 mol) was added to a solution of zinc nitrate hexahydrate ([Zn (NO3)2]· 6H2O, 8x10 -3 mol) in methanol (1.4 mol), then vigorously stirred for 10 min. White polyhedral crystals appeared immediately. Finally, this solution was centrifuged at 2000 rpm and washed 3 times with methanol, then dried overnight at 60 °C.
For the preparation of PTA/ZIF-8 (impregnation of PTA in ZIF-8), PTA (0.1 g) was dispersed in acetone (10 mL), while ZIF-8 (0.1 g) was added and stirred for 12 h at room temperature. The resulting materials were recovered by filtration and washed twice with acetone and dried overnight at 60 °C.
Page Numbers Photo degradation of MB
The photo catalytic activities of ZIF-8 and PTA/ZIF-8 were evaluated by the photo degradation of MB dye under a 30W Xe lamp irradiation at room temperature. The distance between the light and the beaker containing reaction mixture was about 10 cm. The original solution was prepared by MB solution (20 mg/L, 100 mL) and the catalyst (4 mg) in a 250 mL beaker. Prior to irradiation, the mixture was stirred in dark for 1 h to ensure the establishment of an adsorption-desorption equilibrium. Then the mixture reacted at room temperature under stirring. A small quantity of reaction mixture (3 mL) was withdrawn at definite intervals until the end of the reaction and immediately centrifuged to remove the catalyst before analysis. The XRD patterns of ZIF-8, PTA, and PTA/ZIF-8 materials are illustrated in Fig 1-a. The sharp peaks of ZIF-8 indicate its excellent crystallinity, and all the diffraction peaks are well matched with the previous results. [28] The as-prepared PTA/ZIF-8 materials possess similar XRD patterns as that of ZIF-8. After the impregnation of PTA, no obvious loss of crystallinity of ZIF-8 is found in the XRD patterns, suggesting that the integrity of the ZIF-8 framework is maintained. Furthermore, the characteristic diffractions of PTA are not found from the XRD patterns of PTA/ZIF-8. This is probably due to the fact that the content of PTA in the synthesized PTA/ZIF-8 materials is relatively low, which is further proved by the ICP-AES. ICP-AES is used to quantify the amounts of W produced as a function of PTA loading in the PTA/ZIF-8 (2.690 wt%).
The surface area and porosity of the obtained materials are analyzed by N2 sorption experiments at 77 K. As shown in Fig1-b, the sorption isotherms of ZIF-8 and PTA/ZIF-8 indicate that micropores are retained. The langmuir surface areas of PTA/ZIF-8, ZIF-8 and PTA were calculated to be 1799 cm 2 /g, 1485 cm 2 /g and 18 cm 2 /g, respectively. The surface area of ZIF-8 is also in good agreement with the recently reported values. [28] The higher surface area of PTA/ZIF-8 is probably attributed to the fact that PTA with small particle size distributed on the ZIF-8 surface uniformly, instead of blocking of the open pores in ZIF-8. The pore size distribution curve of ZIF-8 ( Fig.1-c) calculated by Horvath-Kawazoe (HK) method gives two types of microspores located at 6.7 Å and 9.4 Å, respectively, which consistent with the reported literature. Furthermore, the addition of PTA increased the volume of these two types of microspores, corresponding to the larger surface area of PTA/ZIF-8.
To confirm the presence of PTA in the PTA/ZIF-8 catalysts, FT-IR spectroscopy and Raman spectroscopy are performed. Fig.1-d shows the FT-IR spectra curves of ZIF-8, PTA and PTA/ZIF-8, suggesting that three characteristic peaks of PTA are observed in the PTA/ZIF-8. A small peak at around 880 cm -1 is attributed to a P-O bond, and a strong peak at approximately 990 cm -1 is corresponded to the W=O bond. Furthermore, an additional peak at around 1080 cm -1 is observed, which might have resulted from the stretching vibration of W-O-W. [29] The Raman spectra of ZIF-8, PTA and PTA/ZIF-8 in Fig.1 -e further demonstrated the above results. And for the crystalline PTA, [30] stretching vibration of P-O lied in 1007 cm -1 , stretching vibration of W=O lied in 986 cm -1 , stretching vibration of W-OC-W lied in 900 cm -1 , and stretching vibration of O-P-O lied in 550 cm -1 . Besides the characteristic bands of ZIF-8, the spectra of PTA/ZIF-8 also exhibited a new small stretching vibration locating at 1100 cm -1 , which was assigned to W=O. The photoabsorption property plays a key role in determining the photocatalytic activity, the UVvis diffuse reflectance absorption spectroscopy (DRS) of the samples are measured. Fig.1-f displays the DRS of the as-prepared ZIF-8 and PTA/ZIF-8 materials. As can be observed, the main optical absorption band of them lied at approximately 212 nm, which was assigned to ligand-to-metal charge transfer. [13] In other words, under the interference of the ligands and UV irradiation, electron transfer occurred in the d orbital of transition metal Zn ions. In addition, the introduction of PTA enhanced the light absorption intensity of ZIF-8 ranging from 200 nm to 350 nm, which is expected to improve the photocatalytic performance of ZIF-8. This inference is well identified by the photocatalytic testing of ZIF-8 and PTA/ZIF-8 toward degradation of MB under UV light irradiation. The photo catalytic performance of PTA/ZIF-8 is evaluated by monitoring the decolorization of the UV-vis absorption spectra of MB solutions (λmax=665 nm). To determine the optimum reaction conditions, a number of experiments have also been carried out to demonstrate the photo catalytic nature of the reactions. Specially, H2O2 plays double roles in the reaction: on one hand, when the concentration of H2O2 is relatively low, catalytic efficiency become higher with the increasing of concentration; On the other hand, when the concentration of H2O2 is much more, H2O2 will become the scavenger of · OH. In addition, · OH, · O2H even between · OH and · O2H are able to occur the coupling reaction, [31] resulting in the reduction of radicals. Results also showed that the reaction went well when the H2O2 volume is equal to 0.5 mL. All the reactions were carried out with the optimum reaction conditions in the following studies. Fig.2 presents the typical temporal evolution of the spectral changes of MB solutions at various intervals in the presence of PTA/ZIF-8. With the increase of irradiation time, the absorption peak at 665 nm ascribed to MB decreases gradually, and it almost disappears after 20 min of irradiation. 
(1)
(4) As shown in Fig 3, only a small margin of MB was degradated after 120 min light irradition in the control experiments without any catalysts. Instead, the degradation of MB proceeds smoothly in the presence of photo catalyst. In addition, PTA/ZIF-8 exhibits higher activity than that of ZIF-8 (Table 1) , the degradation ratio is rapidly increased to 99% after UV light illumination for 20 min. The degradation rate of catalysts followed the order: PTA/ZIF-8 > ZIF-8 > PTA. It's significant that impregnation of PTA improved evidently the activity of catalysts, and all of these results confirmed that the PTA/ZIF-8 showed extremely high catalytic activity. The enhanced photo catalytic activity of PTA/ZIF-8 may be ascribed to the intimate interfacial contact between PTA and ZIF-8, which provides short distance for photo-excited charge carrier transfer and reduce the electron-hole pair recombination efficiently. We also noted that the degradation process could be divided into two stages (Fig3): the demethylation of MB chromophoric group and the degradation of aromatic miscellaneous ring of MB. [31] The first stage in the first 30 minutes conformed to first-order kinetics model (1); the second stage, occurred from 40 minutes to 120 minutes, were consistent with second-order kinetics mode (2) .
Wherein, C0 is the initial concentration of MB, C is the final concentration of MB, t is the reaction time, and K is the kinetic rate constant which was obtained from the slope of the linear plot. The stability and reusability of the photo catalyst are crucial. To evaluate the reusability of PTA/ZIF-8, three successive cycles for the photo-degradation of MB were carried out over the recycled catalysts. Photo catalyst PTA/ZIF-8 can be simply recovered by filtration, washing and drying. The XRD patterns of the samples before and after the reaction show no significant difference, suggesting the superior stability of PTA/ZIF-8 catalyst. As shown in Table 1 , the PTA/ZIF-8 could retain its photo catalytic activity fairly well even after three cycles of application, indicating the high reusability of PTA/ZIF-8. Considering that the conduction band of TiO2 was constructed by empty Ti 3d orbital1, ZIF-8 containing transition metals Zn as structural nodes is also expected to be an active photo catalyst because the empty Zn d orbital mixed with the organic linkers would form the conduction band. Based on the reported mechanism for MB degradation [31] and the present observations, the photo catalytic reaction mechanism was proposed as shown in Scheme 1. Upon UV light irradiation, it took place that the electronic transition from valence band to conduction band when ZIF-8 received photons with energy, generating electron-hole pairs (h + ). Secondly, electron-hole pairs (h + ) with strong oxidant capacity could directly oxidized organic molecules or reacted with H2O or OH -to generate hydroxyl radical(· OH) with stronger oxidant capacity. Consequently, the introduction of external electron acceptor H2O2 could enhance the activity of photo-catalyst by generating more · OH. Moreover, the impregnation of PTA improved clearly the activity of catalysts due to the fast reversible multi-electron redox transformations. The present study indicated that ZIF-8 and PTA/ZIF-8 can be used as the novel catalyst for photo degradation of MB dye pollutants.
Conclusion
A novel PTA/ZIF-8 photo-catalyst was prepared by impregnation of phosphortungstic acid at room temperature and applied in the photo degradation of methylene blue with the assistance of electron acceptor hydrogen peroxide. PTA evidently improved the activity of ZIF-8 photo-catalyst due to its fast reversible multi-electron redox transformations. The performance of PTA/ZIF-8 catalysts in the photo degradation of methylene blue was outstanding, indicating the suitable interaction between PTA and ZIF-8. We hope that our current work can widen the application range of the ZIF and provide a feasible way for tuning their photocatalysis properties. Further studies are in progress to design robust and efficient ZIF photo catalysts for visible light-driven degradation of methylene blue.
